Abstract. About ∼200 radio pulsars have been observed to exhibit nulling episodes -short and long. In this work, we consider the general characteristics of this sub-population of radio pulsars. It appears that the phenomenon of nulling may be preferentially experience by pulsars having a specific type of emission mechanism and a certain kind of magnetic field configuration.
Introduction
Fifty years of observation have yielded ∼3000 neutron stars, with diverse characteristic properties, which fall into three major categories, namely -a) the rotation powered, b) the accretion powered, and c) the internalenergy powered neutron stars; according to the mechanism of energy generation (Kaspi 2010; Konar 2013; Konar et al. 2016; Konar 2017) . Radio pulsars, which belong to the category of rotation powered pulsars (RPP), are strongly magnetized rotating neutron stars (mostly isolated or in non-interacting binaries) characterized by their short spin periods (P ∼ 10 −3 − 10 2 s) and large inferred surface magnetic fields (B ∼ 10 8 − 10 15 G). Powered by the loss of rotational energy, they emit highly coherent radiation (typically spanning almost the entire electromagnetic spectrum) which are observed as narrow emission pulses. The abrupt cessation of this pulsed emission for several pulse periods, observed in a small subset of radio pulsars, is known as the phenomenon of nulling -noticed for the first time by Backer (1970) . Since then, close to two hundred radio pulsars have been observed to experience nulling.
In general, two parameters are used to quantify the phenomenon of nulling -1. the nulling fraction (NF) -the total percentage fraction of pulses without detectable emission; and, 2. the null length (NL) -the duration of a given nulling episode.
Both NF and NL are observed to span a wide range -while NF may vary from a few to more than 90%, NL can go from the simple case of single pulse nulls to the extreme situation of complete disappearance of pulsed emission for as long as a few years. However, none of these quantities can uniquely describe the behaviour of a nulling pulsar. It is well known that the NL not only varies from one pulsar to another, but also from episode to episode for a given pulsar (Young et al. 2012) . Moreover with increasing data it is becoming evident that two different pulsars having very different values of NL and totally different nulling behaviour can have the same average values of NF (Gajjar, Joshi, & Kramer 2012) . For example, the long quiescent states of intermittent pulsars are in stark contrast to the longest known quiescence times of ordinary nulling pulsars, i.e., they differ in their nulling timescale by about five orders of magnitude -even when the NF values are similar for both cases.
A detailed discussion on different types nulling behaviour can be found in Gajjar (2017) and references therein. Despite the wide variation in NL, the population does render itself to a broad classification, depending on the nature of nulling, as follows -1. Classical Nuller (CN) -pulsars with mostly single (or just a few) pulse nulls, for example -J0837-4135, J2022+5154 (Gajjar, Joshi, & Kramer 2012 et al. 2006) . Whether these can be considered to be part of the nulling fraternity is a contentious issue, which we plan to take up in a later study (?).
The phenomenon of nulling is usually observed to be associated with other emission features, like the drifting of sub-pulses and mode changing (Wang, Manchester, & Johnston 2007) . Certain other behavioural changes have also been seen in nulling pulsars. In J1933+2421 the spin-down rate has been observed to decrease in the inactive phase compared to the active phase, suggestive of a depletion in the magnetospheric particle outflow in the quiescent phase of the pulsar (Kramer et al. 2006b; Lyne et al. 2009 ). An exponential decrease in the pulse energy during a burst has also been seen in certain nulling pulsars (Rankin & Wright 2008; Bhattacharyya, Gupta, & Gil 2010; Li et al. 2012; Gajjar et al. 2014) .
Interestingly, nulling behaviour has not yet been observed in a millisecond pulsar (Rajwade et al. 2014) , even though the cumulative study of this class of pulsars is close to 10 3 years.
In general, two different classes of models are invoked to explain the phenomenon of nulling, explaining it to arise from -a) intrinsic causes or b) geometrical effects. Some of the models attributing nulling to an intrinsic cause are as follows -
• the loss of coherence conditions (Filippenko & Radhakrishnan 1982) ;
• a complete cessation of primary particle production (Kramer et al. 2006b; Gajjar et al. 2014 );
• changes in the current flow conditions in the magnetosphere (Timokhin 2010 );
• a transition to a much weaker emission mode (or an extreme case of mode changing) (Esamdin et al. 2005; Wang, Manchester, & Johnston 2007; Timokhin 2010; Young et al. 2014 );
• time-dependent variations in an emission 'carousel model' (Deshpande & Rankin 2001; Rankin & Wright 2007) ; etc.
On the other hand, there have been a variety of geometrical effects that have been suggested to explain nulling, like -
• the line-of-sight passing between emitting sub-beams giving rise to 'pseudo-nulls' (Herfindal & Rankin 2007; Herfindal & Rankin 2009; Rankin & Wright 2008 );
• occurrence of various unfavourable changes in the emission geometry (Dyks, Zhang, & Gil 2005; Zhang, Gil, & Dyks 2007) .
Detailed investigations of the nulling behaviour of individual pulsars and theoretical modeling of this phenomenon have been undertaken by many groups (Ritchings 1976; Rankin 1986; Biggs 1992; Wang, Manchester, & Johnston 2007; Gajjar, Joshi, & Kramer 2012) . In many instances, nulling has been observed across a wide frequency range making it a broadband phenomenon (even though the exact values of NF reported appear to have large variation over observing frequencies). This is strongly suggestive of intrinsic changes being responsible for nulling rather than geometrical effects. Not surprisingly, many subscribe to the thought that nulling is of magnetospheric origin (Kramer et al. 2006b; Wang, Manchester, & Johnston 2007; Lyne et al. 2010) .
Therefore, it is important to look at the overall characteristics of the population of nulling pulsars in an effort to understand the origin of the phenomenon. A comprehensive list of nulling pulsars has recently been generated by Gajjar (2017) comprising of 109 objects. For the present work, we have done an extensive literature survey to extend and update that list. The number of nulling pulsars now stands at (likely more than) 204 (Tables 2-8 ). It goes without saying that, like any such list, this one is incomplete. Future observations would continue to add new nulling pulsars to this list, which may even exhibit hitherto unobserved characteristic features. However, the current size of nulling pulsar population is such that it allows us to draw certain broad conclusions about this sub-population of the larger class of RPP. In particular, we revisit the connection of age with nulling behaviour, in this work.
The Population
Only about 8% of all known radio pulsars (∼2500) are known to exhibit nulling (Tables 2-8 ). Quite likely this fraction is much larger, as only a small number of radio pulsars are observed over long periods (or regularly) to detect nulling episodes. 7 among these are known to belong to the class of Intermediate Pulsars. Moreover, there exist a significant number of nulling pulsars for which no estimate for NF are available (Tables 6-7) . Nevertheless it is possible to draw certain broad conclusions about the population. In this context, finding a correlation of NF with an intrinsic pulsar parameter (spin-period, characteristic age, magnetic field etc.) has been very important (Ritchings 1976; Wang, Manchester, & Johnston 2007) . Analysing 72 nulling pulsars Biggs (1992) found the spin-period (P s ) to be directly proportional to NF, consistent with an earlier work by Ritchings (1976) . Later, NF was found to have correlation with a large characteristic age (τ c ) (Wang, Manchester, & Johnston 2007) . The phenomenon also appeared to have some correlation with the small inclination angles (Cordes & Shannon 2008) (angle between the rotation and the magnetic axes). These observations led to the suggestion that older pulsars are harder to detect as they spend more time in their null state (Ritchings 1976) and that the phenomenon of nulling is associated with the advanced age of a pulsar.
We find, that the NF histogram (Fig.1) is suggestive of some kind of bunching at lower values of NF, and a likely separation of NF values at ∼ 40% (although the data size is too small to find any clear indication for two different NF populations). The general characteristics of the nulling population, as seen in Fig.2 is as follows -
• 10 11 G < ∼ B s < ∼ 10 13 G ;
• 10 6 Yr < ∼ τ c < ∼ 10 8 Yr ; and • 10 pc.cm
It is also evident that there does not appear to be any correlation of NF with any of the intrinsic parameters as per present data. This behaviour is also not very different for pulsars with high NF from those with low values of NF. This fact is also borne out by the values of Pearson correlation coefficients shown in Table[1] .
From Fig.3 , it can be seen that the earlier conjecture, that nulling is predominantly experienced by old radio pulsars with relatively smaller magnetic fields, appears to be ruled out by the current population.
Interestingly, the nature of the distribution of the intrinsic parameters appear to be very different for pulsars exhibiting high NF compared to those having low values of NF. A nominal Kolmogorov-Smirnov (KS) test on the spin-period of nulling pulsars with higher and lower values of NF, rejects the null hypothesis that these two populations have the same underlying distribution (P KS = 0.002, D KS = 0.322). This is also evident from the fractional plot of period distributions shown in Fig.4 .
Pulsar Death
Clearly, the nature of the emission mechanism must have a bearing on the nulling behaviour, whether or not nulling is directly related to the age of a pulsar. As mentioned earlier, Ritchings (1976) undertook the first comprehensive study of nulling pulsars and suggested that the time interval between regular bursts of pulse emission increases with age, eventually leading to pulsar 'death'. This study explicitly defined, for the very first time, a cut-off line for pulsar emission which can be taken to be the precursor of more formal 'death-line's developed later. Later, Zhang, Gil, & Dyks (2007) also suggested that nulling pulsars are very close to the death line, being active only when favourable conditions prevail (Zhang, Gil, & Dyks 2007 ).
Irrespective of the underlying mechanism, copious pair production in the magnetosphere is understood to be the basic requirement for pulsar emission. Such pair production gives rise to a dense plasma that can then allow the growth of a number of coherent instabilities and generate highly relativistic secondary pairs which then produce the radio band emission (see Mitra, Gil, & Melikidze 2009 , Melrose 2017 and references therein for details of and recent progresses made in the area of pulsar emission physics).
Pulsars 'switch off' when conditions for pair production fail to be met. Depending on the specific model, radio pulsar "death line" is defined to be a relation between P s &Ṗ(period derivative) or P s & B s beyond which the process of pair-production ceases and a pulsar stops emitting. A number of models, consequently a variety of death-lines have been proposed to explain the present crop of pulsars. All of these require some degree of anomalous field configurations (multipole component or offset dipole) to interpret the data in its entirety. Some of the most representative deathlines, based upon different models of emission mechanism are described below.
A. Chen & Ruderman (1993) :
I. Polar Cap Model : Pair production (γ + B → e − + e + ) predominantly happens near the polar cap of the neutron star (Ruderman & Sutherland 1975) .
Central Dipole with
01a. Dipole, off-centre by a distance d -
02. Very curved field lines with r c ∼ R, B s = B p -4 log B − 6.5 log P = 45.7,
03. Very curved field lines with r c ∼ R, B s = 2×10 13 G, h ∼ (B p /B s ) 1/2 R(RΩ/c) 1/2 at polar cap -7 log B − 13 log P = 78,
04a, 04b. Extremely twisted field lines with r c ∼ R -4 log B − 6 log P = 43.8 or 31.3 ,
(Whichever constant produces larger B in the equation above to ensure E p > 2m e c 2 .)
II. Outer Magnetospheric Model :
Pair production happens in the outer magnetosphere via inverse Compton scattering, curvature radiation or synchrotron radiation etc.
05a, 05b. Aligned/Non-Aligned Dipole -5 log B − 12 log P = 72 or 69.5 ;
where B p is the dipolar field, B s is the surface field, r c is the radius of curvature for the magnetic field, h is the thickness of the polar cap gap, R is the stellar radius and Ω is the stellar spin frequency. The value of inclination angle chosen for 5b corresponds to that for Geminga. Distribution of characteristic pulsar parameters for pulsars with NF < 40%, with NF > 40%, and all of the nulling pulsars. It is to be noted that the histogram for all nulling pulsars also include pulsars without any estimate for NF and the intermittent pulsars. 
I. Vacuum Gap Model :
Pair production happens via formation of a vacuum gap close to the polar cap.
A. Curvature Radiation 06a. logṖ = 11/4 log P − 14.62,
06b. logṖ = 9/4 log P − 16.58 + log r c6 ,
B. Inverse Compton Scattering07a. logṖ = 2/11 log P − 13.07,
07b. logṖ = −2/11 log P − 14.50 + 8/11 log r c6 , (10)
II. Space-Charge Limited Flow Model :
If charged particles can be freely pulled out of the neutron star surface, a space-charged limited flow is generated. Mechanisms (similar to those above) then works to generate secondary/tertiary pairs.
A. Curvature radiation08a. logṖ = 5/2 log P − 14.56,
08b. logṖ = 2 log P − 16.52 + log r c6 ,
B. Inverse Compton Scattering09a. logṖ = −3/11 log P − 15.36, (13) 09b. logṖ = −7/11 log P − 16.79 + 8/11 log r c6 ; (14) where r c6 is r c in units of 10 6 cm. In each of the above pairs of equations (depicted by the sets 06a-06b, 07a-07b, 08a-08b, 09a-09b), the first one corresponds to a dipole configuration and the second one corresponds to a multipolar configuration with B s ∼ B p and r c ∼ R.
All the death-lines discussed above have been indicated in the top panel of Fig.[5] , in the backdrop of the known radio pulsars in P s -B s plane. It should be noted that while the death lines are defined in terms of the magnetic field by Chen & Ruderman (1993) , they are defined using the derivative of spin-period (Ṗ) by Zhang, Harding, & Muslimov (2000) . However, the magnetic field is not a measured quantity. An estimate, only for the dipolar component, is obtained from the measured quantities P s andṖ through the following relation (Manchester & Taylor 1977 ) -
In Fig.[5] , this measure of the magnetic field is used for known pulsars. The death-line equations, given in terms of P s andṖ by Zhang, Harding, & Muslimov (2000) , are also plotted in the P s -B s plane using the same measure. Therefore, any conclusion drawn for this set of death-line equations do not suffer from an ambiguity regarding the measure of the magnetic field (between the dipolar and the true surface field). However, that is not correct in case of the death-lines defined by Chen & Ruderman (1993) , which suffer from this ambiguity. It is clear that the death-lines 4b, 7a-7b, 9a-9b are not very useful in constraining the radio pulsar population. We shall not consider them hereafter. Among the rest, 1, 6a and 2, 6b are pairwise coincident (almost), while 2, 3 and 4 envelope somewhat similar regions. (8a, 8b are, more or less, coincident with 6a, 6b and therefore not shown in the figure.)
In the bottom panel of Fig. [5] the nulling pulsars (along with intermediate pulsars) are shown along with a relevant subset of death-lines. A number of pulsars have been also been identified for their importance in the context of death-lines. For example, despite the wide variety of models and the large number of possible death-lines described above, it was necessary to invoke higher multipoles, many orders of magnitude stronger than the dipole, at the the surface to accommodate the 8.5 s pulsar J2144-3933 Gil & Mitra (2001) . Other pulsars, like J1232-3933 (Jacoby et al. 2009 ), J1333-4449 (Jacoby et al. 2009 ) or J2123+5454 (Stovall et al. 2014 ) may also have similar explanations for them to work beyond the death-line 4a. It is to be noted that J0250+5854 (Tan et al. 2018) , the famous slow pulsar (P s = 23.5s), is actually within the safe-zone, as far as death-lines are concerned.
It is likely that more than one emission mechanism could be responsible for radio pulsars activity (Chen & Ruderman 1993) . It is then plausible that different death-lines are appropriate for pulsars in which different mechanisms are responsible for the emission. Though, at present, there is no clear understanding of this. However, when the population of nulling pulsars are marked out in the P s -B s plane, certain remarkable points are noticed. It can be seen from the bottom panel of Fig. [5] that the nulling pulsars are bound above by the death-line 5b (or at most by 5a). Now, 5a, 5b correspond to pure dipolar field configurations (aligned or non-aligned with the rotation axis) in an outer magnetospheric model. Given the current understanding of pulsar emission process, this may mean that the nulling pulsars likely do not possess purely dipolar field configurations where emission originates in the outer magnetosphere. On the other hand, the nulling pulsars also appear to be bounded below by death-line 2, which corresponds to a polar cap emission model with very curved field lines (curvature radius ∼ stellar radius). Taken together, it is suggestive of the conclusion that the pulsars for which the emission is predominantly from the polar cap and the magnetic field is extremely curved are likely to experience nulling episodes.
It has been suggested that in some pulsars the magnetosphere has different states with different geometries or/and different distributions of currents and it may occasionally switch between these ('mode change') (Timokhin 2010) . These states have different spin-down rates and emission beams and some of the states do not have or apparently not have any radio emission. In the case of the intermittent pulsar, B1931+24, it has been clearly seen thatṖ significantly differs from the off-state (nulling phase) to the on-state (active phase). It has been argued that, in the off-phase, the open field lines above the magnetic pole become depleted of charged particles and the rotational slow down happens purely due to the magnetic dipole radiation. On the other hand, in the on-phase, an additional slow-down torque is provided by the out-flowing plasma (Kramer et al. 2006a) . Therefore, an estimate of the dipolar magnetic field obtained from measurements made during the active phase is always an overestimate. On the other hand, Young et al. (2012) has reported to have observed no change in the spin-down rate for the pulsar B0823+26 between the off-state and the on-state. This implies that there would be no overestimate of the dipolar field for this pulsar. Given this, it is difficult to gauge whether the reported values ofṖ and hence that of the dipolar field is an overestimate or not. However, even with a 10% overestimate (assumed for all the nulling pulsars), we find that our conclusions drawn above remain unchanged.
It is clear from the bottom-panel of Fig.[5] that quite a large number of pulsars are active beyond the deathline 2, but are bounded by the death-line 4a which again corresponds to polar-cap emission but the magnetic field configurations for this case are extremely twisted. Because the pulsars in this region (between death-lines 2 and 4a) are slow objects with no apparent significance they have mostly not been studied in detail. Only if these objects are monitored for any nulling episodes we would be able to gauge the validity of the conclusion above. (We would be initiating such a program with the Giant Meterwave Radio Telescope (GMRT) in the near future.)
Discussion
About 10% of all known radio pulsars have been observed to exhibit nulling. In this work, we have considered the general characteristics of this subpopulation of radio pulsars and have drawn the following conclusions.
1. There appears to be a gap in the estimated value of nulling fraction around 40%, separating pulsars into two populations exhibiting higher and lower values of NF.
2. The distributions of the intrinsic pulsar parameters (P s ,Ṗ, B s , τ c , DM etc.) are statistically different in these two populations.
3. There is no evident of any correlation of NF with any of the intrinsic pulsar parameters as per present data. This behaviour is similar for pulsars with high NF and those with low values of NF.
4. It appears likely that pulsars, for which the emission is predominantly from the polar cap and have extremely curved magnetic fields, preferentially experience nulling episodes. However, regular monitoring of nearby (in the P s -B s plane) pulsars is needed to draw any definite conclusion in this regard. 
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